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Chapter 1 - Introduction and Background
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1.1 Introduction
Lakes are a prominent feature across Earth, with approximately 2 million square
kilometres of lakes existing north of 50 degrees latitude (Smith et al., 2007; Wik et al.,
2016). Northern landscapes in Canada, Alaska, and Siberia contain millions of lakes. The
Canadian Arctic contains approximately 1.5 million lakes, accounting for 42% of the circumArctic total (Paltan et al., 2015). In the western Canadian Arctic, thermokarst lakes are
extremely common across these landscapes (Rampton & Bouchard, 1975; Mackay, 1988,
1992), occupying a depression formed by the settlement of ground following the melting of
ground ice (Harris et al., 1988). These lakes have been changing for thousands of years, and
continue to change in number and lake area due to: lake water balance, talik formation, bank
erosion, ice wedge thaw, and rapid lake drainage (Mackay, 1992, Yoshikawa and Hinzmann
2003, Grosse et al., 2013). Rapid lake drainage is a natural occurrence in these landscapes,
where some or all lake water storage is released (Mackay, 1979; 1988), leading to the
formation of a drained thermokarst lake basin (DTLB) (Hinkel et al., 2005). DTLBs are
useful indicators in identifying locations of pre-existing lakes due to its noticeable scar on the
landscape (R. Mackay, 1988; Marsh et al., 2009). As climate warming continues,
thermokarst lakes are expected to experience rapid changes in lake storage including an
increase in the number of DTLB occurrences.
The structure of this thesis is as follows: Chapter 1 presents an in-depth review of
previous Arctic lake studies, the effects of climate warming on the western Canadian Arctic,
and remote sensing techniques commonly used in conducting a lake spatio-temporal analysis;
Chapter 2 provides an in-depth analysis of spatio-temporal trends in DTLB occurrences
11

between 1950 and 2019, with an additional focus on lake surface water dynamics between
1950 and 2004; Chapter 3 summarizes the thesis and includes some final remarks.
1.1.1 Climate Warming

Arctic air temperatures are rising (Meyer et al., 2015), resulting in a variety of
environmental changes across the landscape. Lakes situated on this landscape historically
experience relatively quick changes such as; lake desiccation, lake drainage, and lake
inundation events (Mackay, 1988; 1992). With the onset of climate warming, areas
containing permafrost experience heightened thaw rates (Meyer et al., 2015), resulting in
increased physical changes to lakes such as thaw slumps, lake inundation, lake desiccation,
and lake drainage events (Grosse et al., 2013). The relationship of climate warming and lake
change is still not fully understood, however factors such as air temperature, soil temperature,
vegetation cover, precipitation, soil ice content, slope aspect, pingo formation, shoreline
erosion, and active layer depth are known to contribute to lake surface water dynamics across
the Arctic landscape (Burn & Kokelj, 2009; Jones et al., 2011; Lantz et al., 2013; Roach et
al., 2013; Andresen & Lougheed, 2015; Liu et al., 2015; Shi et al., 2015; Bring et al., 2016;
Lin et al., 2016; Moffat et al., 2016; Korosi et al., 2017; Nitze et al., 2017). It may prove
useful to focus on a few of these variables in order to improve our understanding of climatethermokarst relationships more precisely. These variables are further discussed in section 1.2
Study Area in order to provide appropriate study area context.
Lake changes are impacted by climate change, which affects snow cover,
precipitation, soil temperature, and land cover changes. In the western Canadian Arctic,
landscapes are experiencing changes in land cover (Lantz et al., 2013; Moffat et al., 2016),
12

snow cover (Walker & Marsh, 2019), precipitation (Shi et al., 2015), and soil temperature
(Mackay, 1974; Burn & Kokelj, 2009). Most of these landscapes are underlain by various
extents of permafrost (Karjalainen et al., 2019), resulting in restricted flow of water and other
hydrological scenarios unique to the Arctic. Permafrost is defined as ground with a
temperature less than 0°C for two or more consecutive years (Harris et al., 1988). The
distribution of permafrost can control groundwater interactions, ground stability, and
influence vegetation regime (Jorgenson et al., 2001; Christensen et al., 2004). Increased
permafrost thaw and melting of ice-rich permafrost is anticipated from climate warming,
enhancing rapid changes to thermokarst lakes (Grosse et al., 2013). Rapid changes to
thermokarst lakes are expected to impact freshwater seeking terrestrial mammals such as
moose, waterfowl and fish habitat, biogeochemical processes, and members of Arctic
communities (Knoll et al., 2019).
1.2 Study Area
Our study region is located north of Inuvik, Northwest Territories (Error! Reference
source not found.) focused along the Inuvik-Tuktoyaktuk Highway (ITH) corridor, a 138kilometre all-year connection between the communities of Inuvik and Tuktoyaktuk since
2017, and fully contained within the Inuvialuit Settlement Region. The study area consists of
the upland areas west of Sitidgi Lake and the Husky Lakes, east of the Mackenzie Delta, and
south of the Tuktoyaktuk Peninsula. This covers a 6 000 km2 area of the Inuvik-Tuktoyaktuk
region, smaller than Marsh et al. (2009)’s 10 000 km2 study area.
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Figure 1-1: The study area is a 6000 km2 region situated in the western Canadian Arctic, focused on
the upland areas between Inuvik and Tuktoyaktuk along the Inuvik-Tuktoyaktuk Highway (ITH)
corridor. The area is situated east of the Mackenzie Delta, west of the Husky Lakes, north of Inuvik,
and south of the Beaufort Sea. The region is a Taiga - Tundra ecotone, with a noticeable transition to
a tundra environment northward of Inuvik. Trail Valley Creek Research Station is the location of
focused fieldwork initiatives including capturing measurements of hydrometeorological variables
since 1991. Watersheds upstream of the ITH are outlined in orange. Lake drainage events in these
watersheds have the potential to impact ITH infrastructure.
14

The Inuvik-Tuktoyaktuk region is in the taiga-tundra transition zone, where a
noticeable transition to a tundra landscape occurs while travelling northwards across the
study area. The tundra region consists of shrubs, lichen and moss (Wright et al., 2003),
whereas the taiga forest contains a mix of spruce woodlands and peat plateaus (Burn &
Kokelj, 2009). In 1968 a wildfire burned through the Inuvik area, northwards up to Noell
Lake (Landhausser & Wein, 1993). Over time, the region has experienced shrub expansion,
with dwarf shrub expansion contributing to regional changes (Moffat et al., 2016).
The physiography is heavily impacted by past glaciation events and the topography is
characterized by moderately rolling hills, typically less than 60 metres above sea level
(Rampton, 1988). Closer to the Mackenzie Delta, the escarpment can reach up to 240 m
above sea level (Rampton, 1988). The surficial geology is predominantly hummocky and
rolling moraine, consisting of fine-grained lacustrine sediments and coarser grained
glaciofluvial sediments (Rampton, 1988). The region is underlain with continuous
permafrost (Dyke & Brooks, 2000), with sediments containing large amounts of ground ice,
particularly ice-wedge ice, tabular ice, segregated ice, and buried glacier ice (Mackay, 1988;
Burn & Kokelj, 2009). In the uppermost 5 m of permafrost, ice wedges are largely
responsible for the high ice content (Rampton & Mackay, 1971; Pollard & French, 1980).
South of the glacial limits, large bodies of tabular ice exist in sand and till Pleistocene
sediments ( V. N. Rampton, 1988; Murton, 2009). High amounts of segregated ice are found
in upland tills (Kokelj & Burn, 2003). Basal glacier ice is also preserved in areas across the
Tuktoyaktuk Coastlands (French & Harry, 1990; Dallimore et al., 1997; Murton, 2009).
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Permafrost increases in depth northwards, with permafrost depth recorded from 200 m in the
Inuvik area, to 700 m around Tuktoyaktuk (Burn & Kokelj, 2009).
There is a strong climatic gradient across the study area, with inland areas being
warmer and wetter than the northern coast. Mean annual air temperatures, and annual
precipitation, from 1980 to 2010, were -8.2°C and -10.1°C, and 242 and 161 mm for Inuvik
and Tuktoyaktuk, respectively (Environment and Climate Change Canada, 2020). In Trail
Valley Creek basin, the mean total of winter snowfall, between 1985 and 2011, was 105.5
mm of snow water equivalent, with snowfall decreasing at a rate of 16.8 mm per decade (Shi
et al., 2015). Spring and winter air temperatures are increasing as climate change progresses
(Burn & Kokelj, 2009). Spring air temperature has risen 0.84°C per decade between 1985
and 2011, with snowmelt onset occurring nine days earlier (Shi et al., 2015). Snow melt in
the region begins in April, and typically lasts to the end of May, with localized snow drift
features remaining well into the summer months.
Mean annual ground temperature varies across the region due to ecological and
climatic factors, as ground temperatures north of the tree line are cooler than ground
temperatures south of the treeline (Burn & Kokelj, 2009). In the 1960s and 1970s, mean
annual ground temperatures were between -8°C and -9°C near Tuktoyaktuk, and between 3°C and -4°C near Inuvik (Mackay, 1974). Between 2003 and 2007, mean annual ground
temperatures near Tuktoyaktuk increased to between -6°C and -7°C, while mean annual
ground temperatures near Inuvik increased to between -1.5°C to -3°C (Burn & Kokelj, 2009).
Near surface ground temperatures are similar across the landscape but differ in winter due to
deeper snowpacks in forested areas (Burn & Kokelj, 2009). Burn & Kokelj (2009) found that
16

the region has significantly warmed in July, between 1957 and 2007, with thaw depths
increasing between 1983 and 2007.
1.3 Thermokarst Lakes
Thermokarst lakes occupy a depression in permafrost landscapes formed by the
settlement of ground following melting of ground ice (Harris et al., 1988). With thermokarst
lakes being situated on this sensitive landscape, they are indicators of the changes
experienced by the landscape surrounding these lakes. Climate warming yields warmer air
temperatures, which can influence lake water balance and drive warmer ground temperatures
through a variety of factors such as vegetation regime shift , earlier snow free date, warmer
lake temperatures, and melting of ice-rich permafrost. These changes can influence lake
storage and could influence lake drainage (Mackay, 1988). In areas of continuous permafrost,
Burn & Kokelj (2009) suggest that the nature of ground ice is the most important factor for
terrain stability, especially ice-wedge ice (Mackay, 1988). Most lakes in the InuvikTuktoyaktuk region formed from the thawing of ice-rich permafrost during the post-glacial
warming period approximately 8 000 to 13 000 years BP (J.R. Mackay, 1992; Burn, 1997).
1.4.1 Changes in Thermokarst Lakes and Drained Thermokarst Lake Basins (DTLBs)

Rapid changes in lake volume may be attributed to a variety of factors including
DTLB formation, inundation of the surrounding environment, large downstream flooding,
thaw slump initiation, and vegetation growth in the DTLB (Grosse et al., 2013; R. Mackay,
1988). Chen et al. (2014) found that approximately 80% of variation in lake area between
1984 and 2009 in Alaska was explained by local water balance and mean air temperature
post-snowmelt. Smol & Douglas (2007) reported decadal scale drying of lakes due to
17

changes in the ratio of precipitation and evaporation. Marsh & Neumann (2001) suggested
that greater thaw depth from high lake level increased the likelihood of lake drainage,
meanwhile Smith (2005) and Yoshikawa & Hinzman (2003) identified that lakes were
disappearing due to subsurface drainage from talik formation.
Despite the presence of deep, ice-rich continuous permafrost, taliks found at the
bottom of lakes permit water to flow vertically (Harris et al., 1988; Yoshikawa & Hinzman,
2003; Lin et al., 2016). Taliks occur below water bodies where the depth is more than twothirds of the winter ice thickness (Mackay, 1952).
Taliks can be categorized as either ‘closed’, ‘open’, or ‘through’ (Harris et al., 1988).
A closed talik occurs when an area enclosed by permafrost contains a permanently thawed
region within it. An open talik occurs above the permafrost layer, however it does not
entirely penetrate the permafrost. A through talik is when the permafrost layer has been
entirely penetrated, leaving a passage between the active layer and the area below the
permafrost layer. (Lin et al., 2016) documented the formation of a thermokarst lake, followed
by the development of a through talik, leading to lake drainage from subsurface flow.
Yoshikawa & Hinzman (2003) found that decreasing lake sizes in Alaska occurred from talik
formations under recent climatic conditions.
Thaw slumps are surface indicators of thermokarst and the progression of slumping
along lake margins may also result in lake drainage. South facing slopes experienced the
greatest slumping rates, however there is no relationship to identify a predominant aspect
where slumping preferentially occurs (Wang et al., 2009; Lacelle et al., 2015; Khomutov et
al., 2017). Jones et al. (2019) demonstrated that aspect of a retrogressive thaw slump is more
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important for initiation, however it is less definitive in maintaining retrogressive thaw slump
retreat. Ground thaw can create the slumping of lake scarps, degrade existing and/or form
new outlet channels, which can lead to catastrophic lake drainage events (Marsh et al., 2009).
Lake bluff height and its composition are also contributing factors to lake drainage events,
with increased thermokarst expansion occurring in margins with less sediments (Jones et al.,
2011).
Pingos are ice-cored hills, typically conical in shape and only grow in areas of
permafrost (Mackay, 1988). Closed system pingos form after rapid lake drainage, where pore
water underneath the lake experiences hydrostatic pressure alongside surrounding permafrost
aggradation (Mackay, 1979; 1988). A pingo can collapse if the ice core is exposed to
thawing, filling the crater with water and giving the impression of a lake expanding once
again. Collapsed pingos contain a small lake within the pingo rampart. Pingos are usually 30
to 600 m in diameter and 3 to 50 m in height (Rampton, 1988).The Tuktoyaktuk Peninsula
and surrounding area contain around 1350 pingos, approximately one quarter of the world’s
pingos. Most pingos in the Tuktoyaktuk Peninsula have formed in the bottoms of
catastrophically drained lakes underlain by sands (Mackay, 1988). The high number of pingo
occurrences in the region suggests that this region may have many historically DTLBs
attributed to pingo formation (Marsh et al., 2009).
1.5 DTLB Formation
Mackay (1988) described four common methods of catastrophic lake drainage: 1)
High lake levels flowing through inter-connected ice-wedge cracks. Underground tunnel
flow commonly occurs without lake drainage (Mackay, 1974) however, large amounts of
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snowmelt in May-June or large rainfall events in the summer can induce lake drainage from
thermal erosion 2) High lake levels flowing through troughs of ice-wedge polygons.
Overflow from thermokarst lakes often occurs through ice-wedge troughs at the outlet of a
thermokarst lake, sustained flow through ice wedges can promote lake drainage. 3) High lake
levels from a snow dam can result in overtopping. Snow blown across lake ice during winter
often accumulates in large snowdrifts, lake outlets often contain willow shrubs and catch
snow. This wind-packed snow is an effective dam and can lead to lake drainage from
overtopping. 4) Lakes containing seepage channels can drain, especially when water is
diverted along an ice-wedge system.
1.6 Monitoring Changes in Lakes Over Time Using Remote Sensing
Thermokarst lakes are sensitive to factors such as climate, vegetation, hydrology, and
soil characeristics, serving as a clear marker signalling landscape-wide changes. Spatiotemporal studies of lakes require a procedure to identify thousands of lake waterbodies from
imagery in order to quantify lake count and lake area. Remote sensing techniques used to
identify lakes include manual and automated delineation approaches.
Manually digitizing lakes is a time and labour-intensive process for large areas. Older
air photos often lack spectral resolution, inevitably requiring manual interpretation of
features (Marsh et al., 2009). This approach is subjective compared to semi-automated and
automated methods, however it is used to validate these statistical approaches (Chasmer et
al., 2020). Despite its time-consuming and potentially inaccurate interpretations, this
approach can be rectified by comparing results to field-based georeferenced edges and
20

performing an uncertainty analysis. Manual digitization may prove useful to correct mixed
pixels (Chasmer et al., 2020), where features cannot be easily distinguished (for example,
delineating a lake containing floating vegetation). For automated processes, these mixed
pixel signals may lead to misclassification (Kotsiantis, 2007).
Multi-spectral optical imagery combined with semi-automated classifications
provides accurate results (90%+ accuracy) (Berhane et al., 2017; Pande-Chhetri et al., 2017;
Zhang et al., 2018). These approaches prove to be efficient with datasets containing larger
spatial extents (Carroll et al., 2016; Nitze & Grosse, 2016). Multispectral imagery also
proves useful for extracting features that may appear unclear in the visible spectrum. For
example, it is still possible to delineate waterbodies from imagery containing substantial
cloud cover (Carroll et al., 2016).
Synthetic aperture radar (SAR) is another effective remote sensing technique which
can detect waterbodies through cloud-penetrating microwaves. This means that observations
are not obscured by lighting or cloud cover. Using SAR, water usually gives a lower
backscatter value compare to land, meaning that waterbodies would appear darker in SAR
imagery (Hong et al., 2015; Klemas, 2011). In some cases water is misclassified by diffuse
scattering and may return an increased backscatter signal (White et al., 2015), which may
occur when water surfaces are disrupted by waves or wind. This can be mitigated by
combining SAR observations with dual and quad polarization data or optical imagery (Ustin
et al., 1991). SAR is a relatively recent application in remote sensing, with the first satellite
(Seasat) carrying SAR being launched in 1978 with a 25m spatial resolution, however this
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mission only lasted a few months. ERS-1 was the first satellite to provide long-term SAR
data at a 25m spatial resolution between 1991 and 2011. Currently Sentinel-1A, B,
RADARSAT-2, and TerraSAR-X provide multi-year SAR data at spatial resolutions below
10m (Chasmer et al., 2020), with RADARSAT-2 being the longest operational SAR satellite
amongst this selection (operating since 2007).
For multispectral data, detection algorithms such as Tasseled Cap Indices,
Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index
(NDWI), and Normalized Difference Moisture Index (NDMI), are capable of detecting
various changes in greening, surface wetness, local disturbances, fluvial and coastal
responses associated with changes to the surface, and thermokarst lake dynamics (Olthof et
al., 2015; Nitze & Grosse, 2016; Korosi et al., 2017; Nitze et al., 2017; 2018). NDWI is
applied to monitor changes in waterbodies using green and near infrared bands (McFeeters,
1996). Once the NDWI is applied to a spectral image, waterbodies become prominent
features due distinguishable pixel signature. Using a query, it is possible to extract desired
pixels and conglomerating these pixels will result in a scene displaying the extent of
waterbodies. This process requires large computing power and time (Carroll et al., 2016),
however it permits large areas (continental to global scale) to be processed and analyzed
(Smith, 2005; Paltan et al., 2015; Carroll et al., 2016).
In summary, various types of imagery exist to observe long-term changes in Arctic
lakes. SAR is effective at mapping waterbodies across a landscape. Additionally,
multispectral optical imagery combined with SAR is ideal to map waterbodies (Chasmer et
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al., 2020). However the data is restricted to observations from satellites, meaning that the
data can only extend as far back as the 1970s (Chasmer et al., 2020). Aerial imagery in parts
of the Arctic exist as far back as the 1950s (Andresen & Lougheed, 2015; Marsh et al.,
2009), providing a larger long-term record of lake observations. Air photos are affected by a
variety of distortions but still contain valuable information about lake size and numbers.
Appropriate protocol in delineating lakes from air photos (including orthorectification and
geolocation processes) can greatly contribute to our understanding of Arctic lakes (Andresen
& Lougheed, 2015; Marsh et al., 2009).
1.6.1 Previous Arctic Lake Studies

Numerous studies have monitored changes in lake area,count and drainage events.
These long-term lake observations can provide information on trends in lake area and
number change, which can be used to determine climate-thermokarst relationships more
precisely (Yoshikawa & Hinzman, 2003; Lindgren et al., 2021). Current literature shows
multi-decadal lake area trends vary depending on the time period of lake observations and
study site, including the condition of permafrost. Areas of continuous ice-rich permafrost
react differently than areas of discontinuous or sporadic permafrost (Smith, 2005; Riordan et
al., 2006; Lindgren et al., 2021). Generally, increases in lake area were found in northern
Alaska (Arp et al., 2015), southern Northwest Territories (Korosi et al., 2017), central
Yakutia (Nitze et al., 2017), western Siberia (Smith, 2005), and decreases in lake area were
found in northern Alaska (Nitze et al., 2017; Swanson, 2019), eastern (Chen et al., 2014),
western (Jones et al., 2011) and central Alaska (Riordan et al., 2006a). It is important to note
that studies found mixed changes, where lakes were both increasing and decreasing in size
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and number simultaneously across the study region (Chen et al., 2014; Jones et al., 2020;
Nitze et al., 2017; Olthof et al., 2015; Plug et al., 2008; Smith, 2005). Chen et al. (2014)
assessed 8 580 lakes across 422 382 ha, with 5 051 lakes being less than 1 ha in size and 3
529 being greater than 1 ha. Approximately 80% of the variation in lake area between 1984
and 2009 in Yukon Flats, Alaska was explained by the local water balance and mean air
temperature post-snowmelt. Jones et al. (2011) assessed 670 lakes in a 700 km² area of the
northern Seward Peninsula, Alaska between 1950 and 2007, with lakes varying from 0.1 to
400 ha in size. The smallest class (0.1 to 1 ha in size) had the largest increase in number of
lakes (+60), alongside the largest number of lake drainage events (69). Using Landsat
imagery, Korosi et al. (2017) identified an unspecified number of lakes in a 10 000 km² area
of discontinuous permafrost, overlapping with the Mackenzie Bison Sanctuary in the
Northwest Territories. The region increased from 561 km² of the area being covered by water
to 1 067 km² between 1986 and 2007. Nitze et al. (2017) found that Alaska North Slope,
Western Alaska, and Kolyma Lowland experienced a -0.69%, -2.82%, and -0.51% decline in
lake area between 1999 and 2014, respectively. Lake area loss was attributed to catastrophic
lake drainage events. Riordan et al. (2006) observed over 10 000 lakes between 1950 and
2002 in various study areas cross Alaska, recording a -11.6 % change in lake area across all
study sites. Yoshikawa & Hinzman (2003) identified an overall decrease in lakes near
Council, Alaska for the past 100 years, with lakes initially growing larger, followed by a
decrease in size due to the formation of through taliks. Areas of continuous permafrost were
noted to react differently than areas of discontinuous permafrost. Both areas contain lake
drainage events, however the mechanism observed through remote sensing for the initiation
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of drainage can vary from thaw slumping (Lantz & Turner, 2015), talik development
(Mackay, 1992; Yoshikawa & Hinzman, 2003; Smith, 2005; Lin et al., 2016), or subsurface
melt channels (Marsh et al., 2009).
1.6.2 Previous Arctic Lake Studies in the Inuvik-Tuktoyaktuk Region

Remote sensing methods have been used to monitor changes in lake area and number
in the Inuvik-Tuktoyaktuk region. Three of the most recent studies observing long-term
changes in thermokarst lakes in the Inuvik-Tuktoyaktuk area were conducted by Plug et al.
(2008), Marsh et al. (2009), and Olthof et al. (2015). Olthof et al. (2015) investigated interannual variation in lake area in the Tuktoyaktuk Coastal plain between 1985 and 2011
whereas Plug et al., (2008) did the same between 1978 and 2001. Marsh et al. (2009)
identified drained thermokarst lake basins east of the Mackenzie Delta between 1950 and
2000, and further investigated the initiation of DTLBs. Plug et al., (2008) used spectral
signatures from 6 scenes of Landsat 2, 5, and 7 acquired between June and September to
classify waterbodies, whereas Olthof et al. (2015) used Landsat 5&7 SWIR to extract water
pixels from 17 Landsat scenes acquired between July 4 and August 18. Olthof et al. (2015)
found net surface water increased by 40 km², this included 55 km² of lake expansion and 15
km² of lake drainage, with the rate of lake drainage estimated to be two lakes per year. Plug
et al. (2008) revealed inter-annual changes in areal extent to be approximately 0.3% between
1991 and 1992, whereas Olthof et al. (2015) found inter-annual variation to account for
0.11% of lake area change between 1990 and 1992. Both Plug et al. (2008) and Olthof et al.
(2015) alluded to challenges associated with pixel mixing between water, shadows, and
vegetation. Marsh et al. (2009) visually identified drained lakes using digital air photos and
25

topographic maps. Points containing pingos and drained lakes were mapped, indicating
significant regional variation in lake drainage. One hundred thirty-four lakes were identified
as drained before 1950, 248 pingos were also identified. The rate of drainage decreased over
time, from 1.13/year between 1950 and 1973, to 0.83/year between 1973 and 1985, ending at
0.33/year between 1985 and 2000. Both Marsh et al. (2009) and Olthof et al. (2015) suggest
that further investigation into the relationship between surficial geology and drained lakes
may provide more insight towards lake drainage events and lake surface area variability.
1.6.3 Research Gaps

As the Canadian Western Arctic continues to experience some of the fastest warming
rates on the planet (Meyer et al., 2015), thermokarst lakes will continue to experience rapid
changes in water storage, including lake drainage events. These lakes are prominent features
and have been heavily monitored (Mackay, 1979; 1992; Marsh & Neumann, 2001; Mackay &
Burn, 2002; Plug et al., 2008; Marsh et al., 2009; Pohl et al., 2009; Sudakov et al., 2017;
Cooley et al., 2019), with some areas containing imagery dating back to the 1950s. Particular
focus has taken place in the Tuktoyaktuk Peninsula and Mackenzie Uplands regions (Mackay,
1992; Marsh & Neumann, 2001; Plug et al., 2008; Marsh et al., 2009; Olthof et al., 2015;
Sudakov et al., 2017). While long-term imagery exists, we are currently lacking a baseline of
georeferenced submeter resolution lakes to assess changes in lake area and number. Studies
also recommend investigating surficial geology to better understand the controlling factors of
lake drainage events. Advancements in technology, such as the use of unmanned aircraft
systems or satellites alongside improved temporal, spatial, and spectral resolutions of newer
sensors (Chasmer et al., 2020), provide a promising future for this dataset to be paired in future
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lake studies. More research is needed to understand which lakes are experiencing substantial
changes, including monitoring smaller lakes often within the spatial fidelity of medium to high
spatial resolution satellite imagery (Müller et al., 1999). In addition, the current record of lake
drainage events in the Inuvik-Tuktoyaktuk region for the past two decades is missing (Marsh
et al., 2009) presenting a gap in the current knowledge of lake drainage events. With improving
remotely sensed technologies and datasets being developed, it is important to establish a strong
historical dataset of these lakes whilst expanding on the work conducted by Marsh et al. (2009).
This dataset can provide an improved baseline in monitoring and analyzing lakes in the InuvikTuktoyaktuk region as climate change persists into the future.
1.7 Research Motivation and Objectives
1.7.1 Research Motivation

The availability of historic air photos in the Inuvik-Tuktoyaktuk region provide an
opportunity to produce a long-term dataset of lake count and area. Mapping drained lakes
could indicate areas with disproportionate amounts of lake drainage and suggest lakes or
regions which require further investigation. The purpose of this study is to create a better
understanding of past changes in thermokarst lakes of the western Canadian Arctic, by
conducting a spatio-temporal analysis of lake surface water dynamics and lake drainage
events. Using a multitude of high-resolution remote sensing products, we built a dataset of
lake observations in the Mackenzie Uplands, NWT from 1950-2019, which serves as the
foundation for a historical inventory of lake change in the region under a rapidly warming
climate.
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1.7.2 Objectives

Our objectives aim to use a combination of topographic maps, aerial photography, and
satellite imagery in order to:
1) Establish a historical dataset of lake area to assess changes in lake size and number
2) Continue rate of lake drainage calculations from Marsh et al. 2009 and confirm whether
the rates of lake drainage for the Inuvik Tuktoyaktuk region have either increased or
since Marsh et al. 2009.
3) Determine whether the distribution of lake drainage is clustered by spatially and by
physiography
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Abstract

Nearly half of all Pan-Arctic lakes are situated in the Canadian Arctic, with many of
these lakes being of thermokarst origin. Thermokarst lakes are sensitive to changes in the
surrounding environment, making them useful indicators to examine the condition of
hydrological systems in response to rapid climate warming, a trend which has been well
observed in the Canadian Western Arctic. In this study, we use aerial photography to
quantify lake area and count changes for lakes in the Inuvik-Tuktoyaktuk region, between
1950 and 2004. A combination of aerial photography and Landsat imagery were used in
identifying drained thermokarst lake basins (DTLBs) between 1950 and 2019. In addition,
we investigated the spatial relationship of DTLBs to surficial geology between 1950 and
2019. Comparing digitized datasets for 1950 and 2004, lakes decreased in number and
increased in size. Associating DTLBs with an approximate time of drainage has indicated
that the rate of lake drainage has increased dramatically in recent years. Kernel density
estimation conducted on DTLB points revealed that there are several clusters where
drained lakes have occurred. Further analysis revealed that most drained lake events occur
on moraine sediments, with a disproportionate number of lake drainage events occurring
on hummocky rolling moraine soils. With the establishment of long-term lake observations
from our DTLB and digitized lake data, we demonstrate how lakes are responding to
climate warming, revealing spatial and temporal correspondence of thermokarst
development across the Inuvik-Tuktoyaktuk region.
Keywords: lake change, lake drainage, thermokarst, remote sensing, Mackenzie delta uplands,
permafrost
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2.1 Introduction
The Arctic is a lake rich region, with nearly 3.5 million lakes situated north of the
Arctic circle (Smith et al., 2007; Wik et al., 2016). Approximately 1.5 million of these lakes
are situated in the Canadian Arctic, accounting for 45% of the circum-Arctic total area
(Paltan et al., 2015; Smith et al., 2007). Across the western Canadian Arctic, thermokarst
lakes occupy 15% to 50% of the total land area (Rampton, 1988). These lakes may form from
thermokarst processes (Dredge & Nixon, 1979), or thawing of ice-rich permafrost (Harris et
al., 1988). Thermokarst lakes are prone to drainage events, where lake storage is drained
from melting a new outlet channel (J. R. Mackay & Burn, 2002; Marsh & Neumann, 2001).
With climate warming influencing a variety of changes including increased permafrost thaw
(Burn & Kokelj, 2009), it is important to monitor thermokarst lakes long- term (in the recent
history of scientific observation) as they may be indicators of heightened permafrost thaw
from climate warming (Burn & Kokelj, 2009). High volumes discharged by drained lakes
(Marsh & Neumann, 2001) have implications for infrastructure, habitat loss, channel erosion,
and loss of culturally important lakes.
Thermokarst lakes occupy a depression formed by the settlement of ground following
melting of ground ice (Harris et al., 1988). These lakes provide a source of freshwater for
terrestrial mammals such as moose, habitat for wildlife such as waterfowl and fish, host
biogeochemical processes, and are of cultural importance to Arctic communities (Knoll et
al., 2019). Thermokarst lakes are sensitive to changes in temperature and precipitation
(Grosse et al., 2013) and may change in number and lake area due to: lake water balance; ice
wedge thaw; talik formation; bank erosion; and rapid lake drainage (Mackay, 1992; Grosse et
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al., 2013; Lin et al., 2016). Rapid lake drainage is a common occurrence in these landscapes
(Mackay, 1979; 1988) and often leads to the formation of a Drained Thermokarst Lake Basin
(DTLB) (Grosse et al., 2013). As noted by Mackay (1988) and Marsh et al. (2009) lakes may
drain partially or completely. Similar to Marsh et al., (2009) and Mackay (1988), both
‘partially drained’ and completely DTLBs will be recognized as a ‘DTLB’ for the remainder
of this study. Tuktoyaktuk Peninsula contains approximately 1350 pingos, indicating that
lake drainage events are regular occurrences in the region. Most pingos in the Tuktoyaktuk
Peninsula have formed in the bottoms of catastrophically drained lakes underlain by sands
(Mackay, 1988). Thermokarst lakes (referred to as ‘lakes’ for the remainder of this study)
and DTLBs are useful indicators to examine the condition of hydrological systems in
response to climate warming (Burn & Smith, 1993; Marsh et al., 2009).
Long-term lake observations provide information on potential trends in lake area and
number change, which can be used to determine climate-thermokarst relationships more
precisely (Burn, 1997). Despite this opportunity, previous studies across the Arctic reveal
potentially conflicting results. For example, studies in northern Alaska found both an
increase (Arp et al., 2016) and decrease in lake area (Nitze et al., 2017; Swanson, 2019)
depending on the range of years. Studies have shown an overall increase in lake area extent
in southern Northwest Territories (Korosi et al., 2017), central Yakutia (Nitze et al., 2017),
and western Siberia (Smith, 2005), while decreases in lake extent have been reported in
northern Yukon (Lantz & Turner, 2015), eastern (Chen et al., 2014), western (Jones et al.,
2011), and central Alaska (Riordan et al., 2006a). Amongst these studies, many have found
mixed changes where lake area is both decreasing and increasing, as different lakes are
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experiencing contraction, expansion, formation, and drainage simultaneously ( Smith, 2005;
Plug et al., 2008; Chen et al., 2014; Olthof et al., 2015; Nitze et al., 2017; Jones et al., 2020).
Remote sensing methods are commonly used to quantify lake area extents over time.
Studies use varying time periods depending on imagery availability (Jones et al., 2011; Nitze
et al., 2017; Swanson, 2019), making it difficult to draw direct comparisons between
recorded lake changes. Permafrost conditions in the Arctic are categorized as continuous,
discontinuous, or sporadic (Karjalainen et al., 2019). The condition of permafrost is critical
(including ground-ice content) as it determines the flow of water across a landscape. The
condition of permafrost can greatly impact the appearance of a lake. For example, formation
of subsurface flow channels (Marsh et al., 2009) and taliks (Yoshikawa & Hinzman, 2003a)
result in situations where lake storage is drained from an underground passage. Lake water
balance also significantly influences the appearance of lakes, and can lead to lake drainage
with higher lake water levels (Pohl et al., 2009). Despite mixed findings, previous Arctic lake
studies (Andresen & Lougheed, 2015; Marsh et al., 2009) demonstrate the importance of
using remote sensing techniques to create long-term lake observation records as climate
change persists.
Currently there are no sub-meter resolution georeferenced historical datasets of lake
area in the western Canadian Arctic, indicating the need for a reliable baseline for future
observations to build long-term lake observation studies. In order to understand how lake
extents have changed with climate change, a long-term record of lake extents is required.
Satellite imagery from the Landsat series provides a lengthy record of 50 years, but the edges
of lakes are difficult to discern because of mixed pixels. Air photos provide high spatial
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resolution imagery that is needed to define lake shorelines, and the acquisition period of
these photos can exceed satellite imagery by going as far back as the 1950s, however these
air photos are poorly georeferenced and require orthorectification (Andresen & Lougheed,
2015). Despite this, these datasets are needed to provide a strong baseline for understanding
how lakes have changed over time. Additionally, the current record of lake drainage events
has not been updated for the past two decades, creating a gap in the current knowledge of
lake drainage events. Our study addresses these issues by investigating lake drainage events
described by Burn (2015) and Marsh et al. (2009) in relation to the following objectives:
1) Establish a historical dataset of lake area, to quantify changes in lake size and number
between 1950 and 2004.
2) Continue rate of lake drainage calculations from Marsh et al. 2009 and confirm whether
the rates of lake drainage for the Inuvik Tuktoyaktuk region have either increased or
decreased over time
3) Determine whether the distribution of lake drainage is clustered by spatially and by
physiography
In this study we address these objectives using remote sensing techniques applied to
orthorectified air photos, satellite imagery, and topographic maps derived from aerial
photography.
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2.1.1 Study Region

The study region is located north of Inuvik, Northwest Territories (Figure 2-1) and
consists of the upland areas west of Sitdgi Lake and the Husky Lakes, east of the Mackenzie
Delta, and south of the Beaufort Sea. The current study area fits inside Marsh et al. 2009’s 10
000 km2 study area. The current study area is 6 000 km2 and is focused along the newly
developed Inuvik-Tuktoyaktuk Highway (ITH) corridor.
There is a strong climatic gradient across the study area, with inland areas being
warmer and wetter than the northern coast. Mean annual air temperatures, and annual
precipitation from 1980 to 2010, were -8.2°C and -10.1°C, and 242 and 161 mm for Inuvik
and Tuktoyaktuk, respectively (Environment and Climate Change Canada, 2020). Snow melt
in the region begins in April, and typically lasts to the end of May, with localized snow drift
features remaining well into the summer months.
The Inuvik-Tuktoyaktuk region is in the taiga-tundra transition zone, where a
noticeable transition to tundra landscape occurs while travelling northwards across the study
area. The tundra region consists of shrubs, lichen, and moss (Wright et al., 2003), whereas
the taiga forest contains a mix of spruce woodlands and peat plateaus (Burn & Kokelj, 2009).
Over time the region has experienced shrub expansion, with dwarf shrub expansion
contributing to regional vegetation regime shift (Moffat et al., 2016).
Most lakes in this region formed from thawing of ice-rich permafrost during the postglacial warming period approximately 8,000 to 13,000 years BP (Burn, 1997). Lakes cover
between 15% and 50% of the total land area (Plug et al., 2008). Typically, lakes are no
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greater than 5 m in depth, however some lakes may contain depths greater than 13 m
(Mackay & Burn, 2002).
The physiography is impacted by glaciation, while the topography is characterized by
moderately rolling hills typically less than 60 metres above sea level (Rampton, 1988). Cliffs
along the Mackenzie Delta can reach up to 240 m above sea level (Rampton, 1988). The
surficial geology is predominantly hummocky and rolling moraine, consisting of fine-grained
lacustrine sediments and coarser grained glaciofluvial sediments (Rampton, 1988). The
region is underlain with continuous permafrost (Dyke & Brooks, 2000) containing large
amounts of ground ice, particularly ice-wedge ice, tabular ice, segregated ice, and buried
glacier ice (Burn & Kokelj, 2009; Mackay, 2015). Permafrost increases in depth northwards,
with permafrost depth recorded from 200 m in the Inuvik area, to 700 m around Tuktoyaktuk
(Burn & Kokelj, 2009). In the uppermost 5 m of permafrost, ice wedges are largely
responsible for the high ice content (Rampton & Mackay, 1971; Pollard & French, 1980).
Large bodies of tabular ice exist in sand and till Pleistocene sediments (Rampton, 1988;
Murton, 2009). High amounts of segregated ice are found in tills in upland areas (Kokelj &
Burn, 2003). Basal glacier ice is also preserved in areas across the Tuktoyaktuk Coastlands
(French & Harry, 1990; Dallimore et al., 1997; Murton, 2009).
Mean annual ground temperature varies across the study region due to physiographic
and climatic factors. Generally, ground temperatures north of the tree line are cooler than
ground temperatures south of the treeline (Burn & Kokelj, 2009). Over the period of
measurement, ground temperatures have been warming as the climate has changed. For
example, in the 1960s and 1970s, mean annual ground temperatures were between -8 °C and
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-9°C near Tuktoyaktuk, and between -3°C and -4°C near Inuvik (Mackay, 1974). However,
they had warmed substantially by 2003 to 2007 when mean annual ground temperatures near
Tuktoyaktuk were between -6°C and -7°C, and -1.5°C to -3°C near Inuvik (Burn & Kokelj,
2009).
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Figure 2-1: The study area is a 6000 km2 region situated in the western Canadian Arctic, focused on
the upland areas between Inuvik and Tuktoyaktuk along the Inuvik-Tuktoyaktuk Highway (ITH)
corridor. The area is situated east of the Mackenzie Delta, west of the Husky Lakes, north of Inuvik,
and south of the Beaufort Sea. The region is a Taiga - Tundra ecotone, with a noticeable transition to
a tundra environment northward of Inuvik. Watersheds upstream of the ITH are highlighted in
orange. Lake drainage events in these watersheds have the potential to impact ITH infrastructure.
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2.2 Methods
2.2.1 Imagery

A spatio-temporal analysis of thermokarst lake numbers and area was conducted
using a combination of imagery: 1) Aerial imagery and 2) Landsat imagery. Aerial imagery
(1) are used to outline lake shorelines in order to determine the number of lakes and lake
area. The Landsat imagery (2) had coarser spatial resolution compared to the aerial imagery
and could not be directly compared, therefore Landsat imagery were used solely to identify
DTLBs.
Two sets of high-resolution air photos collected in 1950 and 2004 were used to quantify
the number of lakes and lake area (Table 2-1). Following Marsh et al. (2009) digital
topographic maps were used in place of 1950 air photos. These were downloaded from the
NTS Geogratis portal provided by Natural Resources Canada. The 1:50 000 scale topographic
maps were digitized by air photo interpreters from air photos acquired during the late-summer
months of the 1950s. Some of the 1:50 000 scale map sheets have been updated with human
infrastructure by using Landsat imagery. Since the original topo maps were not georeferenced,
we manually georeferenced these digital topographic maps (see Appendix 1) using relatively
fixed ground features from the 2004 orthorectified and georeferenced air photos to the
coordinate system ‘NAD 1927 UTM Zone 8’ in ArcMap (version 10.5). Ground control point
(GCP) locations include distinct lake outlet channels and lake shorelines where a
distinguishable vertex could be confirmed with the 2004 air photos. For each map sheet, a
minimum of 5 GCPs were created, with one point near each of the four corners and one point
approximately at the center of the map sheet. Selecting GCPs across the map sheet (rather than
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clustering GCPs) minimizes distortions created by re-projecting the image. For the remainder
of this study, these data will represent the number and extent of lakes in 1950. Air photos
acquired during the 2004 Mackenzie Valley Air Photo project were downloaded from the NWT
Center for Geomatics. The 2004 aerial imagery was re-projected to ‘NAD 1927 UTM Zone 8’
to match the projection of the topographic maps, these images are 25 km2 RGB composite tiles
containing a 0.3 m spatial resolution (see Appendix 2). The 2004 air photos were used instead
of the Tarin 2000 air photos used by Marsh et al. (2009) because Tarin 2000 air photos
contained a +/- 5 m geolocation uncertainty, whereas the 2004 air photos from GNWT Centre
for Geomatics are georeferenced and already orthorectified. These submeter resolution air
photos allow mapping lake shorelines in order to ensure that small and often complex shoreline
changes can be mapped.
Table 2-1: Characteristics of satellite and airborne imagery used in this study. Only the 1950 and
2004 data were used to map lake numbers and extent. While all images were used to identify and map
DTLBs.

Year

Resolution

Number of
Images

Imagery Type

Used for

Very fine resolution air photos
1950

4.2 m

10

Digital topographic maps
derived from air photos

Lake #; DTLB

2004

<1 m

67

Air photo

Lake #; DTLB

Moderate resolution Landsat images
1973

60 m

3

Landsat 1

DTLB

1985

30 m

3

Landsat 4

DTLB

2019

30 m

2

Landsat 8

DTLB
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Satellite images were acquired for 1973, 1985, and 2019 from various Landsat
satellites (Table 2-1). Imagery from 1973 and 1985 were selected to match the time periods
used by Marsh et al. (2009). Landsat imagery were acquired during cloud-free dates in
August of each year for consistency. Lakes experience hydrological variability throughout
the year, however late July and August are the most stable period for lake level (Cooley et
al., 2019). Each set of imagery was downloaded from the USGS Earth Explorer. Bands 2, 3,
and 4 were used to create a composite image, allowing for lakes to be identified more easily.
The Landsat’s 60 to 30 m spatial resolution was sufficient to manually identify DTLBs using
criteria adapted from Marsh et al. 2009.
2.2.2 Total Lake Area and Number Mapping from Air Photos (1950 and 2004)

Lake representative polygons were established in ArcMap by creating a shapefile
dataset for each year and manually tracing along the lake shoreline for the 1950 and 2004
imagery. Lake shorelines were identified as the boundary between visible water and
vegetation boundaries, while large islands were cut out from the lake polygons. Areas
containing some water with predominantly vegetated points (such as riparian zones) were
also excluded. Lake surface area was calculated using the ‘calculate geometry’ tool in
ArcMap.
Comparing the 1950 and 2004 lake digitizations permitted comparisons betweenthe
number and size of lakes for both 1950 and 2004. To summarize the findings, lakes were
grouped (with the help of natural breaks classification in ArcMap) according to their size in
hectares, with class 1 containing lakes 0 to 10 hectares in size, class 2, 10 to 25 hectares in
size, class 3, 25 to 75 hectares in size, class 4, 75 to 150 hectares in size, class 5, 150 to 500
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hectares in size, and class 6 containing lakes greater than 600 hectares in size (Appendix 3).
With digitized lakes containing unique IDs in the attribute table in ArcMap, individual
comparisons of lake area were possible between 1950 and 2004. These were computed by
taking the result of the 2004 lake area subtracted by the 1950 lake area of the manually
digitized lake polygons (Appendix 4).
2.2.3 DTLB Mapping: 1950 to 2019

A number of previous studies have used various methods to identify DTLBs. For
example, Nitze et al. (2020) identified DTLBs by using the > 25% lake area loss threshold
value to identify a DTLB. However, they showed that this approach is sensitive to the
threshold selected as this can drastically alter the number of DTLBs identified. While Marsh
et al. (2009)’s identify DTLBs as follows. Marsh et al. (2009) used a multi-criteria approach
where DTLBs were identified by: 1) well-defined abandoned shorelines, 2) wetland
vegetation within the DTLB that contrasts to drier tundra vegetation surrounding a DTLB, or
3) areas where non-vegetated lacustrine sediments formed on recent DTLBs (see Figure 2-2).
In this study we will use the method of Marsh et al. (2009) to identify all DTLBs for all years
(1950, 1973, 1985, 2004, and 2019) presented in Table 2-1. Once a drained lake was
identified, its coordinates and drainage period were recorded.
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Figure 2-2: DTLB in the Trail Valley Creek watershed photographed August 1998 (Marsh and
Neumann, 2001). The lake drained on August 28, 1989. This lake’s drainage event was investigated
in Marsh and Neumann (2001) and Marsh et al. (2009). The newly incised outlet channel can be seen
at the bottom of the image, compared to its previous outlet channel seen on the right side of this
image.

2.2.4 Spatial Cluster Mapping

Mapping spatial clustering of DTLBs indicates areas in the Inuvik-Tuktoyaktuk
region where DTLB formation is concentrated, suggesting that these clustered areas require
further analysis to understand DTLB formation. To assess spatial clustering of DTLBs, a
kernel density estimation (KDE) was run using the KDE tool provided in ArcMap. The KDE
tool was run on default options, which vary depending on the number of input points (the 177
DTLBs identified in this study, hence 177 points were inputted). A search radius was
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performed between all identified DTLB points. Pixels record the frequency of overlapping
between points in their respective search radii, with higher frequency values being associated
with clustering.
2.2.5 Surficial Geology and Soil Classes

In order to visualize the relationship between DTLBs and physiographic regions, and
to help investigate spatial clustering by geomorphological characteristics, DTLBs were
compared to underlying surficial geology (see Appendix 5) classified by Rampton (1988).
DTLBs identified in this study, and pingos identified in Marsh et al. (2009), were mapped on
top of a digitized surficial geology map (see Figure 2-7) adapted from Rampton (1988). This
classification includes information about soil classes within each sediment class (see
Appendix 6). In order to observe trends in soils with similar characteristics, soil classes were

initially aggregated into five sediment classes: alluvial, colluvial, lacustrine, glaciofluvial,
and moraine. The number of DTLBs occurring in each sediment class were plotted as a table
to numerically compare the size and proportion of each sediment class and their respective
number of DTLBs. Plotting by sediment class had simply shown that larger sediment classes
had more DTLBs, therefore another plot was made by plotting the number of DTLBs
occurring in each soil class (see Appendix 5). The number of DTLBs identified within each
sediment class and soil class was normalized by class area to calculate a normalized rate of
lake drainage for each soil class.
2.2.6 Lake Water Spatial Distribution Across Study Area

A 25 km2 grid was created over the study area to determine the spatial distribution of
lakes and their surface water extent. The percent of water covering each 25 km2 area was
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calculated from the sum of total lake area in each tile and dividing it by the area of each tile
(25 km2). The percentage of lake water covering the land surface was represented by a shade
of blue alongside a bolded number to represent the number of lakes occurring within each
grid, providing a distribution for the number and density of lake area across the region.
Similar to Marsh et al. (2009), lakes identified that crossed two or more grids were counted
in each grid respectively, and therefore, some lakes may have been counted multiple times. A
water basemap was laid underneath to visually reference the shape, size, and number of lakes
across the region.
2.3 Results
2.3.1 Changes in Lake Count and Surface Area

The overall change in lake area measured between 1950 and 2004 was within the
margin of error, therefore no change in lake area can be reported between 1950 and 2004.
The largest magnitude of lake area change occurred in class 5 (150 to 500 hectares in size),
where lakes gained a total of 760 hectares (+3.1% increase in area) between 1950 and 2004.
This is likely caused one lake in class 6 (being 500+ hectares in size) splitting from a 500+
hectare-sized lake to two smaller water bodies. Class 2 (10 to 25 hectares in size) lakes
appear to remain relatively stable, with no change in area, however this could likely be
masked by a combination of changes. For example, two lakes in the same class merging
together would result in 1 less waterbody existing in that class, and could be indicated as ‘-1’
in the lake count change column (see Table 2-2). However, the ‘loss’ in this class is actually
the result of two lakes combining together and forming a larger lake. These findings are
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comparable to the mixed changes reported in previous lake studies (Yoshikawa & Hinzman,
2003; Plug et al., 2008; Jones et al., 2011; Korosi et al., 2017).
Most lake area changes occur on the eastern portion of the study area and along the
future Inuvik Tuktoyaktuk Highway (Error! Reference source not found.). Most of these
changes are lake growth, with the largest lake growths being due to the merging of lakes,
meanwhile the largest losses occurred in DTLBs. Construction of the ITH began in 2014 and
finished in 2017. With lake area changes being compared prior to the construction of the
ITH, the construction and presence of the ITH is not responsible for the cluster of changes
occurring on the eastern portion of the study area. The clusters of lake change appear to
occur closer to larger lakes such as Noell Lake, Parsons Lake, and Husky Lake.
The observed changes in lake numbers was likely due to a variety of factors. As an
example, Figure 2-3 shows two lakes merging into one, as well as one lake splitting into two
such changes could be due to hydrological changes that result in changes in lake level;
changes to the lake outlet channel that impacts lake level; shoreline erosion or sedimentation;
or permafrost thaw (Grosse et al., 2013; R. Mackay, 1988).
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Table 2-2: Changes in lake size and number, between 1950 and 2004, for all lakes within the study
area. Lakes are grouped by a size category in hectares. 'Lake count' tallies the number of lakes
existing in each lake size class, while ‘Lake count change’ is the difference in the number of lakes
identified in 1950 compared to 2004. 'SA' refers to the surface area of lakes and 'SA change’ is the
difference in surface area extent. 'SA %' is a percentage value of hectares of gained / lost.

Class

Size
(ha)

1950

2004

Lake

Lake

Lake

Count

Count

Count

Change

1950

2004

SA

SA

SA

SA

Change

%

(ha)

(ha)

(ha)

change

1

0 to 10

2 149

2 111

-38

7 070

7 150

80

1.1

2

10 to 25

620

623

+3

9 990

9 990

0

0

3

25 to 75

459

477

+18

19 150

19 830

690

3.6

4

75 to 150

153

154

+1

1 590

1 610

200

1.3

5

150 to 500

95

98

+3

23 860

24 620

760

3.1

6

500 +

20

19

-1

23 160

22 800

-360

-1.6

Total

Study Area

3 496

3 482

-14

99 130

100 490

1360

1.4
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Table 2-3: Error analysis for mapped and manually digitized waterbodies from 1950 and 2004
imagery. ‘Subset Area’ represents lakes that were manually digitized for this study area. ‘Digital
Area’ represents lakes manually digitized using digital copies of the air photos acquired in 1950 and
2004 respectively. ‘Area Difference’ represents the difference between the ‘Subset Area’ and ‘Digital
Area’. ‘Percent Difference’ is the difference between an individual lake’s area from ‘Subset Area’
substracted by ‘Digital Area’, divided by the individual lake’s ‘Digital Area’ and multiplied by 100%
to yield a percent value (See Appendix 7 & Appendix 8 for individual lake area values).

1950
Subset Area

Digital Area

Area Difference

(m2)

(m2)

120 724

123 578

-3 463

-2.13%

29 299

28 901

-1 744

-3.46%

138 492

140 707

475

5.64%

Percent Difference

(m2)
Mean
Median
Standard Deviation

Percent Difference

2004
Subset Area

Digital Area

Area Difference

(m2)

(m2)

(m2)

Mean

42 597

42 685

-88

-0.11%

Median

53 347

56 033

-36

-0.08%

Standard Deviation

48 896

49 078

689

1.62%
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Figure 2-3: Examples of lakes merging (top) and of a lake splitting (bottom) as observed from
imagery in 1950 and 2004. Similar processes were common across the study area.

49

Figure 2-4: Changes in lake area for individual lakes between 1950 topographic map lake
digitizations and 2004 orthorectified air photo lake digitizations across the Inuvik-Tuktoyaktuk
region. Each circle represents the approximate centroid of a lake. The size of each circle indicates the
magnitude of change. Cool colours (blue) indicate lakes that have increased in size and warm colours
(red / orange) indicate lakes that have decreased in size. Most lakes changed between +25% to -10%,
these lakes were omitted from the map to observer the larger trends. Classes were made by rounding
natural break values assigned in ArcMap.
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2.3.2 Numbers and Distribution of DTLBs Across the Inuvik-Tuktoyaktuk Region

Amongst approximately 3 500 lakes (Table 2-2), a total of 102 DTLBs were identified
in the Inuvik-Tuktoyaktuk region between 1950 and 2019. From this total, 70 DTLBs were
identified between 1950 and 2004, 32 DTLBs were identified between 2004 and 2019.
Figure 2-5 shows typical changes in lakes between 1950 and 2019 which were identified as
drained lakes. The rate of lake drainage was calculated for each time period (see Table 2-3)
using the drainage period recorded for each DTLB. The rate of lake drainage between 1950
and 2019 is 1.9 DTLBs per year, which is within the range of 1 to 2 DTLBs per year
suggested by R. Mackay (1992). However, the rate of lake drainage between 2004 and 2019
has suddenly increased to 2.1 DTLBs per year compared to 0.7 DTLBs per year for the
previous time period (1985 to 2004). Our study recorded a larger number of DTLBs and rate
of lake drainage for each time period compared those recorded by Marsh et al. (2009) (1.1
drained lakes per year between 1950 and 1973, 0.8 drained lakes per year between 1973 and
1985, and 0.3 drained lakes per year between 1985 and 2000).
Using Kernel Density Estimation, four areas were identified as locations containing a
high density of DTLBs, with the density being between 10 to 20 DTLBs per 100 km2 in these
clusters (Figure 2-6). The largest number of lake drainage occurrences is situated 60 km
directly north of Inuvik (highlighted by the light green circle outline). The DTLBS points
were then colour-coded to their occurrence period. The most recent cluster of DTLBs is
situated approximately 40 kilometres northeast of Inuvik (highlighted by the light blue circle
outline). A series of eight lakes drained in this area between 2004 and 2019, with three lakes
appearing to have drained in a sequence (similar to the sequence of five drained lakes found
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in box ‘C’ reported by Marsh et al. (2009). The Trail Valley Creek basin drained lake (see
Figure 2-2) investigated by Marsh et al. (2009) is situated in the ‘TVC’ box. Comparisons of
DTLB findings are made in the Discussion section with Marsh et al. (2009).

Figure 2-5: Examples of DTLBs identified from various imagery. Figure 2-5A shows 3 lakes
which have drained, indicated by the smaller surface area compared to the 1950 lake extent (red
outline). Figure 2-5B shows the drained lake in the TVC basin studied further by Marsh et al., (2009).
Figure 2-5C focuses on 2 lakes that have partially drained, these lakes were identified as drained by
their newly exposed drainage channels, turbid waters, and light coloured shoreline.
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Figure 2-6: All drained lakes are shown across the region, with DTLBs colour-coded to their
occurrence period. Darker red colours from KDE indicate higher clustering of DTLBs. ‘TVC’
indicates the location of the drained lake occurrence in Trail Valley Creek basin studied in detail by
Marsh et al. 2009. ‘C’ is the location of a chain-sequence of drained lake events that took place in the
1970s, which were also studied in greater detail by Marsh et al. (2009). Dashed line grey circles
indicate the largest DTLB cluster and the most recent DTLB cluster formation (indicated by the
clustering of red diamond points).
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Table 2-4: Rate of lake drainage in the Inuvik – Tuktoyaktuk region calculated for each time period.
Time periods were adapted from those used in Marsh et al. (2009). Rate of lake drainage was
calculated by dividing the total number of DTLB occurrences in a time period by the length of each
respective time period. Numbers in brackets are values for the 2004 to 2019 time period.

Year

Pre

1950

1973

1985

2004

Total number of lakes and

1950

to

to

to

to

average rate of drainage from

1973

1985

2004

2019

1950 to 2004, and between 2004
and 2019

Count

75

43

14

13

32

70 (32)

---

1.9

1.2

0.7

2.1

1.5 (2.1)

(Number of DTLBs)
Rate
(Number of DTLBs per year)
2.3.3 Distribution of Lake Drainage Compared to Surficial Geology

As shown by Figure 2-7, most of the Inuvik-Tuktoyaktuk region is underlain by
moraine sediments, followed by glaciofluvial and lacustrine sediments respectively. Ninety
pingos identified by Marsh et al. (2009) were mapped alongside 177 DTLBs. Moraine
deposits yielded the highest number of DTLB occurrences and normalized rate of lake
drainage. Of the DTLBs identified, 80 were drained on moraine deposits, 22 on lacustrine,
and 21 DTLBs were situated on glaciofluvial deposits (Figure 2-7).
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Figure 2-7: DTLB (coloured diamonds) and pingo (crosses) distribution mapped alongside surficial
geology provided by V.N. Rampton (1988) to observe surficial geology underlying DTLB
occurrences.
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Figure 2-8 and Figure 2-9 illustrate the distribution of DTLBs by sediment class and
soil class, respectively. Figure 2-8 indicates that most DTLBs occur on the largest sediment
class: moraine. The rate of lake drainage between the main sediment classes (moraine,
lacustrine, and glaciofluvial) follow the trend that larger sediment classes contain more
DTLBs. However, dividing these sediment classes into soil classes (see Appendix 5), Figure
2-9 reveals that a disproportionate amount of DTLBs occur in two soil classes; hummocky
rolling moraine soils (Msm), and Toker Point lacustrine soils (LT soils). Toker Point
lacustrine soils coincidentally have three DTLBs occurring in an area less than 30 km2 in
size. Hummocky rolling moraines soils are the sixth-largest class (~500 km2) and contain the
second-highest rate of DTLBs per 100km2. Hummocky rolling moraine soils cover a
substantial extent of the study region and contain a disproportionately large amount of
DTLBs.
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Figure 2-8: Normalized count of DTLB occurrences from 1950 to 2019 in each sediment class
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Figure 2-9: Normalized count of DTLBs plotted against soil classes (see Appendix 6) identified in
Rampton (1988). The first letter of each soil class indicates the sediment class (See Figure 2-8) it
belongs to: M- Moraine, L- Lacustrine, G- Glaciofluvial, C- Colluvial, A- Alluvial, O- Organic.
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Soil class area (km2)

identified by Rampton (1988). This table quantifies the distribution mapped in Figure 2-7.

2.3.4 Distribution of Lakes, DTLBs, and the ITH

One application of this lake and DTLB dataset is mapping them against watersheds
situated upstream of the ITH (see Figure 2-10). The highest number and density of lakes is
situated in the northern half of the study area, north of Parson Lake. One watershed of key
interest is watershed 134 (see Figure 2-11) between the north-east end of Parsons Lake and
Tuktoyaktuk, which contains a high number of lakes, a high percentage of lake surface water
(see Appendix 9), and 7 DTLBs. All fourteen watersheds are predominantly underlain by icerich soils (see Figure 2-11). The three largest watersheds (watersheds #134, #180, #223)
contain the most DTLBs, with watershed #134 and #180 containing rates of 5 DTLBs per
100 km2 between 1950 and 2019 (Table 2-5). The predominant soil class of these large
watersheds is GTx (ice contact deposits) (see Appendix 6). As seen in Figure 2-10,
hummocky rolling moraine soils (Msm) soils cover a smaller area, but contain a
disproportionate number of DTLBs. The smaller watersheds are predominantly underlain by
Msm soils, and have higher rates of lake drainage because of their small area. This further
suggests that Msm soils are an important location for DTLBs to form and should not be
overlooked because of its scarcity compared to other soil classes. These watersheds are likely
to release significant amounts of water from lake drainage (Marsh & Neumann, 2001) which
may not be considered in ITH infrastructure design.
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Figure 2-10: Distribution of DTLBs mapped against watersheds upstream of the ITH (orange). 25 km
2

grids were used to provide information about the distribution and size of lakes across the study area.

The number inside each grid cell represents the number of lakes identified by 2004 imagery, and the
shade of blue represents the percent of land covered by lake water. For 2004, 3467 lakes were
digitized however the sum of digitized lakes in each grid cell is 4224 lakes (meaning that 757 lakes
were atleast double counted).
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Figure 2-11: Watersheds situated upstream of the ITH containing DTLBs. Watersheds are labelled
with their respective IDs and are mapped against surficial geology (V.N. Rampton, 1988)
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Table 2-5: Characteristics of all watersheds upstream of the ITH (mapped in Figure 2-11) which
contain DTLBs

Watershed

DTLB

Area

DTLBs per

Predominant Soil Class

#

count

(km2)

100 km2

26

1

50

2

MTm- Rolling Moraine

32

1

7

13

GTx – Ice Contact Deposits

134

7

129

5

GTx – Ice Contact Deposits

164

1

1

100

MTm – Rolling Moraine

167

1

2

50

MTm – Rolling Moraine

169

1

1

100

GTx – Ice Contact Deposits

180

19

413

5

GTx – Ice Contact Deposits

210

2

52

4

MTv – Rolling Moraine (thin)

221

1

9

11

MTm – Rolling Moraine

223

7

309

2

MTm – Rolling Moraine

252

1

1

100

MTm – Rolling Moraine

256

1

2

50

MTm – Rolling Moraine

311

1

5

20

Msm – Hummocky Rolling Moraine

319

1

1

100

Msm – Hummocky Rolling Moraine

2.4 Discussion
2.4.1 Limitations in Lake Area Calculations

Lake area calculations between 1950 and 2004 provide insight towards whether lakes
are increasing or decreasing in size. Lake area values may be distorted by air photo
interpreters digitizing lake shorelines from 1950 air photos, and that these 1950 air photos
may not have been orthorectified. Georeferencing the 1950 NTS topographic map sheets may
have also distorted lakes, however the distortion appears to be minimal when the 1950 lake
dataset is compared to the 2004 lake dataset. This study has demonstrated no change in lake
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area, however this number also includes many lakes draining or decreasing in size. The
overall 2.4% increase in lake area size is negligible because it is within the range of lake
variability reported by (Plug et al., (2008) and within our own margin of error.
2.4.2 Increased Rate of Lake Drainage

This study reported a larger number of DTLBs for each time period compared to
Marsh et al. (2009) because later imagery (which contained increased spatial resolution) was
used to identify DTLBs which could not be clearly identified in its respective time period of
drainage. Despite the difference in number of DTLBs identified, both studies contain the
same directional trend of a decreasing rate of lake drainage between 1950 and 2004.
Improved spatial resolution and geolocation accuracy from later imagery such as using 2004
MVAPs compared to 2000 Tarin Air photos likely increased the number of identified
DTLBs. Additionally, this study followed Marsh et al. 2009’s protocol for identifying DTLB,
which can be subjective depending on the user. With the numbers in this study being higher
than Marsh et al. 2009’s, it suggests that the current study’s approach to identifying DTLBs
could be less conservative. Lakes that could not be determined as drained in a certain time
period were also verified from more recent imagery to determine whether a DTLB formed.
The increase in lake drainage events between 2004 and 2019 suggests a point in time
where rate of lake drainage has greatly increased, after decreasing for about 50 years (~1950
– 2000). The period of 50 years where rate of lake drainage decreased could be caused by
talik formation, however this study determined there was no change in lake area during this
period. Previous studies have noted that lakes had grown in size followed by a large decease
in lake area due to the formation of a talik (Lin et al., 2016; Roy-Leveillee & Burn, 2017;
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Yoshikawa & Hinzman, 2003). The decreased rate of lake drainage between 1950 and 2004,
followed by an increase in lake drainage between 2004 and 2019 suggests that athreshold has
been reached in this ice-rich permafrost landscape (such as ground temperature), where
warmer ground temperatures (Burn & Kokelj, 2009) have caused an increase in DTLB
formation from melting of ground-ice (Mackay, 1988).
2.4.3 Soil Characteristics

While most DTLBs occur in moraine sediments (the largest sediment class), we
found a disproportionate number of these DTLBs occur in hummocky rolling moraine soils
(the sixth largest soil class). This suggests that the characteristics of hummocky rolling
moraine soils are more likely to induce lake drainage events. One characteristic of these soils
is that they are situated at higher elevations. DTLBs underlain by non-hummocky rolling
moraine sediments had a median elevation of 40 m above sea level, whereas DTLBs
underlain by hummocky rolling moraine sediments had a median elevation of 105 m above
sea level. With hummocky rolling moraine sediments being situated at higher elevations
compared to the basin streambed, additional gravitational potential energy could contribute to
melting this ice-rich soil, ultimately carving out a new outlet channel for lake drainage to
occur (Mackay 1988; Marsh & Neumann, 2001).These findings are in agreement with Jones
et al. (2011), where lake drainage is often found at higher elevations and in soils containing
less sediments and more ground ice.
2.4.4 Lake Variability

In this study a single time point was used to represent the extent of a lake for that
year. This approach carries many assumptions and does not address the variability of
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these lakes. Undoubtedly, other factors such as snow cover (Walker & Marsh, 2019), lake
level (Pohl et al., 2009), and water temperature (Mackay & Burn, 2002) play a key role in
the appearance of lakes and lake drainage events. Seasonality of observations was
reduced by using imagery acquired in late July and August, the most stable period for
lake levels (Cooley et al., 2019). Despite this, precipitation events up to one year prior to
image acquisition can affect lake levels (Jones et al., 2011). Climate normals between
1960 and 2010 indicate decreases in annual precipitation, however this may mask an
increase in intense precipitation events (see Appendix 10). Precipitation was relatively
high for June-July-August of 1973, whereas precipitations were relatively low for JuneJuly-August of 1985, 2004, and 2019 (see Appendix 11). Air temperatures were relatively
high for June-July-August of 1973, 2004, and 2019, whereas air temperatures were
relatively low for June-July-August of 1985 (see Appendix 11). Higher amounts of
precipitation have fallen in June and July after 2000, alongside warmer temperatures in
June and August after 2000 (see Appendix 12). These air temperature and precipitation
values are in agreement with studies that demonstrate increased lake drainage activity
occurs during these conditions (Lindgren et al., 2021; Marsh & Neumann, 2001;
Swanson, 2019). Mean monthly discharge data of Hans Creek and Trail Valley Creek
also show relative increases in discharge in July and August after 2000, suggesting lake
levels are higher (see Appendix 13).
Lake variability can also be influenced by beaver activity. Marsh et al. (2009)
anticipated beaver range expansion influencing the distribution of DTLBs and size of
lakes in the future. The impact of an expanding beaver range has recently been observed
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by Tape et al. (2018), where beaver colonization affected surface water dynamics of
thermokarst lakes, in a 18 000 km2 area of northern Alaska (relatively close to our study
area). Warming climatic conditions and shrub expansion have made northern Alaska
more hospitable for beavers. In Baldwin Peninsula, Alaska, beaver dams accounted for
66% of lake surface area increase (Jones et al., 2020). The establishment of a beaver dam
can also give the appearance of a lake drainage event (see Figure 2-12). In areas of icerich continuous permafrost, damming these lakes results in inundation, leading to sudden
impacts on ground thermal regime from the conduction of heat (Langer et al., 2016).
These beaver dams are also capable of inducing lake drainage by dam failure,
abandonment, or by bank overtopping (Jones et al., 2020). The increased number of
identified DTLBs in this study may also be influenced by beaver colonization occurring
in the Inuvik Tuktoyaktuk region.
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Figure 2-12: Drone image of a DTLB visited during August 2019. A collapsed beaver dam (blue
rectangle) likely restricted lake outflow and causing a rise in lake level, followed by the dam’s
collapse, giving the appearance of a DTLB. Dis-colored vegetation indicates the sudden rise and fall
in lake level.

2.5 Conclusion
In this study we conducted a spatio-temporal analysis of lake drainage events (1950 –
2019) and track changes of individual lakes (1950 – 2004) in the Inuvik-Tuktoyaktuk region.
Similar to previous studies, there is a mix of lakes both increasing and decreasing in size,
however the overall trend suggests there is no change in lake area. With lake drainage events
becoming more prevalent, and with their occurrence being spatially clustered, it is imperative
to continue investigating lake changes in the Inuvik-Tuktoyaktuk region. Coupling of spatial
datasets, as presented here, alongside additional lake observations, digital elevation models,
land cover classifications, vegetation height, beaver dam distribution, and meteorological
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data will also provide greater understanding of the complex relationships between the InuvikTuktoyaktuk landscape and its response to ongoing climate warming conditions.
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Chapter 3: Conclusion and Final Remarks

68

3.1 Mapping Lakes Using Air Photos and Satellite Imagery
In this study, we identified spatial and temporal changes in thermokarst lakes, including
drainage events, and surface area. Using two sets of air photos from 1950 and 2004, we
monitored changes in lake count and lake area. Between 1950 and 2004 the number of lakes
declined, yet lakes are either experiencing a slight increase or no change at all in size due to
inter-annual variability (Plug et al., 2009). We identified five DTLB clusters that were related
to surficial geology. Using the multi-decadal (1950, 1973, 1985, 2004, 2019) record of lakes
in the region, we were able to identify periods in which lake drainage occurred, with the most
recent time period (2004 to 2019) showing the highest number of lake drainage events. While
extending the record of lake drainage originally reported by Marsh et al. (2009) with a new
time period between 2004 and 2019, we found the decreasing rate of lake drainage
previously reported by Marsh et al. (2009) has shifted into a large increase. This large
increase is likely due to a combination of warmer air temperatures, intense summer rainfall
events, and beaver damming leading to melting of ice-rich permafrost and resulting in lake
drainage events. We identified watersheds intersecting with the ITH which contain DTLBs
and found they are predominantly underlain by ice-rich soils (Rampton 1988). This
corresponds with previous work in the region where Mackay (1988) hypothesized that
DTLBs are more likely to occur in soils with high ice content. These watersheds have the
highest risk to ITH infrastructure if lake drainage events release lake storage in a relatively
short amount of time (Marsh & Neumann, 2001). These highlighted watersheds may also be
key areas of focus for future research initiatives in understanding DTLB events. Spatiotemporal analyses presented in this study demonstrate the potential of pairing this lake
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dataset with other spatial datasets. Furthermore, this submeter resolution georeferenced lake
dataset will be valuable for validation of lake classification techniques and could serve as a
historical dataset when studying the progression of lake change in the Inuvik-Tuktoyaktuk
region.
3.2 Future Implications
With the Arctic warming at a rate more than double the rest of the world (Overland et
al., 2019), it is expected that substantial changes would occur to the Arctic landscape and its
lakes. Warming between October and December, and significant warming between January
and March in the western Canadian Arctic will likely change the appearance of lakes
(Overland et al., 2019). Recent warming and drying is expected to influence lake water
balance, leading to smaller lake area and shallow water levels. However, recent warming and
drying could further increase shrub expansion (Moffat et al., 2015), and likely support beaver
range expansion (Tape et al., 2018), leading to temporary growths in lake area followed by
drainage events (Jones et al., 2020). Temporary growths in lake area followed by drainage
are also a feature of talik development (R. Mackay, 1992; Yoshikawa & Hinzman, 2003).
With this in mind, changes to lake count and area are expected to decrease due to increased
lake drainage events. This further indicates the importance of monitoring changes in lakes in
the Inuvik-Tuktoyaktuk region.
Monitoring changes in lakes in the Inuvik-Tuktoyaktuk region can only be
accomplished by establishing a historical dataset of lakes and monitoring their progression
into the future. Prior to this study, there was a lack of sub-meter resolution georeferenced
lake data for the Inuvik-Tuktoyaktuk region, and therefore a lack of understanding of
70

changes to lakes and DTLB formation. These issues were addressed in this study by creating
a sub-meter resolution dataset of lakes and conducting a spatio-temporal analysis on the
distribution of DTLBs. The outcomes of this study are important for establishing a historical
dataset of lakes, alongside highlighting potential future opportunities to further assess lake
changes with various datasets. Future coupling of spatial datasets, as presented here,
alongside additional lake observations, digital elevation models, land cover classifications,
vegetation height, and meteorological data, will allow for a better understanding of the
complex relationships between the Inuvik-Tuktoyaktuk landscape and its response to
ongoing climate warming conditions.
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Appendix A
Appendix 1: 1950 topographic metadata

#

File Name

Location (Coordinates)

Year

Resolution

1

C_2_W.tiff

69° 00' , 134° 00'

1963

1 : 50 000

2

C_3_E.tiff

69° 00' , 134° 30'

1959

1 : 50 000

3

C_7_E.tiff

69°15' , 133° 30'

1960

1 : 50 000

4

C_2_E.tiff

69° 00' , 133° 30'

1963

1 : 50 000

5

B_7.tiff

68° 15' , 134° 00'

1950 + 1952

1 : 50 000

6

B_15_E.tiff

68° 45' , 133° 30'

1950

1 : 50 000

7

B_15_W.tiff

68° 45' , 134° 00'

1950

1 : 50 000

8

B_10_W.tiff

68° 30' , 134° 00'

1950 + 1952

1 : 50 000

9

B_10_E.tiff

68° 30' , 133° 30'

1950 + 1952

1 : 50 000

10

B_14_E.tiff

68° 45' , 134° 30'

1958 (R)

1 : 50 000

Appendix 2: 2004 air photo metadata
File Name

Location
(Coordinates)

Year

Resolution

1

08_540758.ecw

134° 1' , 68°19'

2004

< 1m

2

08_520766.ecw

134° 29', 69° 2'

2004

< 1m

3

08_520765.ecw 134° 30', 68° 57' 2004

< 1m

4

08_520764.ecw 134° 30', 68° 52' 2004

< 1m

5

08_520763.ecw 134° 30', 68° 46' 2004

< 1m

6

08_530768.ecw 134° 14', 69° 13' 2004

< 1m

7

08_530767.ecw

< 1m

#

134° 14', 69° 8'
84

2004

8

08_530766.ecw

134° 14', 69° 2'

2004

< 1m

9

08_530765.ecw 134° 15', 68° 57' 2004

< 1m

10

08_530764.ecw 134° 15', 68° 52' 2004

< 1m

11

08_530763.ecw 134° 15', 68° 46' 2004

< 1m

12

08_530762.ecw 134° 15', 68° 41' 2004

< 1m

13

08_530761.ecw 134° 15', 68° 36' 2004

< 1m

14

08_580770.ecw 132° 57', 69° 23' 2004

< 1m

15

08_580769.ecw 132° 58', 69° 18' 2004

< 1m

16

08_580768.ecw 132° 58', 69° 13' 2004

< 1m

17

08_580767.ecw

132° 59', 69° 7'

2004

< 1m

18

08_580766.ecw

132° 59', 69° 2'

2004

< 1m

19

08_570770.ecw 133° 13', 69° 24' 2004

< 1m

20

08_570769.ecw 133° 13', 69° 18' 2004

< 1m

21

08_570768.ecw 133° 13', 69° 13' 2004

< 1m

22

08_570767.ecw

133° 14', 69° 7'

2004

< 1m

23

08_570766.ecw

133° 14', 69° 2'

2004

< 1m

24

08_570765.ecw 133° 15', 68° 57' 2004

< 1m

25

08_570764.ecw 133° 15', 68° 51' 2004

< 1m

26

08_570763.ecw 133° 16', 68° 46' 2004

< 1m

27

08_570762.ecw 133° 16', 68° 40' 2004

< 1m

28

08_570761.ecw 133° 16', 68° 35' 2004

< 1m

29

08_570760.ecw 133° 17', 68° 30' 2004

< 1m

30

08_570759.ecw 133° 17', 68° 24' 2004

< 1m

31

08_570758.ecw 133° 18', 68° 19' 2004

< 1m

32

08_570757.ecw 133° 18', 68° 14' 2004

< 1m
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33

08_560769.ecw 133° 28', 69° 18' 2004

< 1m

34

08_560768.ecw 133° 29', 69° 13' 2004

< 1m

35

08_560767.ecw

133° 29', 69° 8'

2004

< 1m

36

08_560766.ecw

133° 29', 69° 2'

2004

< 1m

37

08_560765.ecw 133° 30', 68° 57' 2004

< 1m

38

08_560764.ecw 133° 30', 68° 51' 2004

< 1m

39

08_560763.ecw 133° 30', 68° 46' 2004

< 1m

40

08_560762.ecw 133° 31', 68° 41' 2004

< 1m

41

08_560761.ecw 133° 31', 68° 35' 2004

< 1m

42

08_560760.ecw 133° 31', 68° 30' 2004

< 1m

43

08_560759.ecw 132° 32', 68° 24' 2004

< 1m

44

08_560758.ecw 133° 32', 68° 19' 2004

< 1m

45

08_550769.ecw 133° 43', 69° 18' 2004

< 1m

46

08_550768.ecw 133° 44', 69° 13' 2004

< 1m

47

08_550767.ecw

133° 44', 69° 8'

2004

< 1m

48

08_550766.ecw

133° 44', 69° 2'

2004

< 1m

49

08_550765.ecw 133° 45', 68° 57' 2004

< 1m

50

08_550764.ecw 133° 45', 68° 51' 2004

< 1m

51

08_550763.ecw 133° 45', 68° 46' 2004

< 1m

52

08_550762.ecw 133° 46', 68° 41' 2004

< 1m

53

08_550761.ecw 133° 46', 68° 35' 2004

< 1m

54

08_550760.ecw 133° 46', 68° 30' 2004

< 1m

55

08_550759.ecw 133° 46', 68° 25' 2004

< 1m

56

08_550758.ecw 133° 47', 68° 19' 2004

< 1m

57

08_540769.ecw 133° 59', 69° 18' 2004

< 1m
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58

08_540768.ecw 133° 59', 69° 13' 2004

< 1m

59

08_540767.ecw

133° 59', 69° 8'

2004

< 1m

60

08_540766.ecw

133° 59', 69° 2'

2004

< 1m

61

08_540765.ecw

134° 0', 68° 57'

2004

< 1m

62

08_540764.ecw

134° 0', 68° 52'

2004

< 1m

63

08_540763.ecw

134° 0', 68° 46'

2004

< 1m

64

08_540762.ecw

134° 0', 68° 41'

2004

< 1m

65

08_540761.ecw

134° 0', 68° 35'

2004

< 1m

66

08_540759.ecw

134° 1', 68° 25'

2004

< 1m

67

08_540758.ecw

134° 1', 68° 19'

2004

< 1m

Appendix 3: Lake geometric properties for 1950 and 2004 from manual digitization
Class

Size

1950 Lake

1950 Lake

1950 Lake

2004 Lake

2004 Lake

2004 Lake

Count

Area

Perimeter

Count

Area

Perimeter

(km2)

(km)

(km2)

(km)

1

0 to 0.1

2149

70

1 536

2 111

71

1 583

2

0.1 to 0.25

619

99

1 181

622

99

1 198

3

0.25 to 0.75

456

190

1 497

471

194

1 555

4

0.75 to 1.5

149

155

838

147

153

823

5

1.5 to 5

95

239

932

97

243

948

6

5+

20

232

487

19

227

480

Total

Study Area

3 488

985

6 472

3 467

991

6589
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Appendix 4: Percent difference formula used to determine relative surface area change for each lake
and each lake class

Appendix 5: Normalized lake drainage rate for each soil class

Soil
Class

Lake
count

Percentage
of total lake
amount
(%)

Mtm
L
GTx
MTv
Msb
Msm
GTp
Ls
C
Gsp
LT
Af
Ap
O
Gsx
At

885
363
845
141
43
385
75
112
32
105
19
5
0
0
7
6

29.28
12.01
27.95
4.66
1.42
12.74
2.48
3.70
1.06
3.47
0.63
0.17
0
0.00
0.23
0.20

Percentage of
total # of
DTLBs
(%)

DTLB
count

Area
(km2)

Percent of
total study
area
(%)

6.21
4.96
2.01
2.84
2.33
5.19
4.00
1.79
2.38
0.95
10.53
0
0
0
0
0

55
18
17
4
1
20
3
2
3
1
2
0
0
0
0
0

1686.96
1207.62
1042.07
646.63
535.05
470.91
456.35
392.15
296.64
148.76
30.85
21.18
19.39
15.24
10.01
7.46

24.14
17.28
14.91
9.25
7.66
6.74
6.53
5.61
4.25
2.13
0.44
0.30
0.28
0.22
0.14
0.11

88

Appendix 6: Soil class abbreviation, name, and description adapted from Rampton (1988)
Abbreviation

Full Name

MTm

Rolling Moraine

Generally 4 to 12 m thick

Lacustrine

Parsons Lake formation: silt, sand, some peat and organic

Deposit

sediment, minor gravel; generally 2 to 8 m thick; deposited

L

Description

mainly in thermokarst basins
GTx

Ice-contact

Local areas of morainal deposits; generally 5 to 20 m in

deposits

thickness; eskers, kames, kame and kettle complexes, some
thermokarst-modified outwash plains

MTv

Moraine Veneer

Generally less than 1m thick

Msb

Moraine Blanket

Variable thickness, but generally 2 to 5 m thick

Msm

Moraine

Hummocky and rolling moraine: generally 4 to 10 m thick

Hummock
GTp

Glaciofluvial

Generally 3 to 30 m thick

Outwash
Ls

Lacustrine

Husky Lakes formation; silt sand, some gravel, peat, and

Deposit

organic sediment, deposited mainly through thermokarst during
high water phase of Husky Lakes, locally includes Holocene
lacustrine deposits

C

Colluvial

Clay, sily, sand, rubble (angular pebble,through boulder-sized

Deposits

clasts) generally 0.5 to 3 m thick; materials derived from
subaerial weathering; occurs as blankets and veneers on slopes

Gsp

Glaciofluvial

Plains and Valley Trains: generally 3 to 20 m thick, includes

Outwash

Portage Point Sands in Eskimo Lakes and Kugaluk River
Outwash

LT

Af

Lacustrine

Associated with Toker Point Member, silt and clay, generally 3

Deposits

to 10 m thick; deposited in proglacial or glacially dammed basin

Alluvial Fan

Silt, clay, fine sand, some coarse sand, gravel, generally more
than 10 m thick
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Ap

O

Alluvial

Silt, clay, fine sand, minor gravel, coarse sand, and organic

Floodplains &

sediment, sediment in deltas may be more than 20 m thick;

Deltas

includes Aklavik Formation, which constitutes Mackenzie Delta

Organic Deposits

Bogs, fens, swamps, peat, muck, minor silt and fine sand;
generally 1 to 3 m thick; deposited in shallow basins and on
poorly drained surfaces

Gsx

At

Glaciofluvial Ice-

Eskers, kames, and kame and kettle complexes, some

contact deposits

thermokarst-modified outwash plains; generally 5 to 30 m thick

Alluvial Terrace

Sand, gravel, silt, minor peat and organic sediment; generally
more than 5 m thick
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Appendix 7: 1950 lake area error analysis, area and difference for individual digitized lakes
Subset Area (m2)

Digital Area (m2)

Difference In Area (m2)

Percent Difference

1

223372

240305

-16933

-7.04

2

113983

118652

-4669

-3.94

3

73714

72030

1684

2.34

4

16913

18254

-1341

-7.35

5

546327

558289

-11962

-2.14

6

78208

88244

-10036

-11.37

7

57869

61685

-3816

-6.19

8

126110

131143

-5033

-3.84

9

179631

179924

-293

-0.16

10

418229

419513

-1284

-0.31

11

29111

28098

1013

3.61

12

53362

55068

-1706

-3.10

13

21448

23230

-1782

-7.67

14

20581

18203

2378

13.06

15

85150

83322

1828

2.19

16

24829

23270

1559

6.70

17

66282

69212

-2930

-4.23

18

35303

39493

-4190

-10.61

19

38921

40546

-1625

-4.01

20

27801

27754

47

0.17

21

298056

298902

-846

-0.28

ID
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Appendix 8: 2004 lake area error analysis, area and difference for individual digitized lakes.
ID

Subset Area (m2)

Digital Area (m2)

Difference In Area (m2)

Percent Difference

1

232349

233158

-809

-0.35

2

15940

16085

-145

-0.90

3

93984

94577

-593

-0.63

4

72591

73340

-749

-1.02

5

17053

17236

-183

-1.06

6

55605

57476

-1871

-3.26

7

39167

39663

-496

-1.25

8

29779

29702

77

0.26

9

29299

28901

398

1.38

10

40386

40422

-36

-0.09

11

34940

34798

142

0.41

12

9159

9014

145

1.61

13

11454

11365

89

0.78

14

7263

7168

95

1.33

15

19090

18900

190

1.01

16

71767

69750

2017

2.89

17

24317

23797

520

2.19

18

61633

61844

-211

-0.34

19

9301

9560

-259

-2.71

20

11764

11682

82

0.70

21

7708

7964

-256

-3.21

92

Appendix 9: Calculating percentage of land surface area covered by lake water

Where 𝑃𝑤 represents the percentage of land covered by lake water. 𝐴𝑤 is the area of land covered by
lake water in square metres. 𝐴𝑡 is the area of land (in metres) that each tile consists of ~25 km2.
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Appendix 10: Climate normals for Inuvik (Environment and Climate Change Canada, 2022)
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Appendix 11: June-July-August mean monthly temperature and precipitation totals between 1960
and 2020 for Inuvik (Environment and Climate Change Canada, 2022)

95

Appendix 12: Temperature anomalies for the Inuvik-Tuktoyaktuk Region for June-July-August
between 1950 and 2020 (NOAA, 2022)
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Appendix 13: Mean discharge for Hans Creek (1988 – 2016) and Trail Valley Creek (1977) for JuneJuly-August (Water Survey of Canada, 2022)
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